This paper describes part of a broader study directed to the improvement of the quality of solar photographs obtained with the Culgoora magnetograph. In any optical telescope perturbation of the image can result from atmospheric inhomogeneities or 'seeing', and generally image degradation is attributed to poor seeing conditions. However, mechanical angular vibration of the optical axis of the magnetograph can also contribute to image degradation. The present paper is concerned only with the role of mechanical vibration, and describes an experiment to assess its significance.
The magnetograph tower of the CSIRO Solar Observatory at Culgoora, NSW, consists of a five-level structure built of reinforced concrete with all floors, columns, beams, footing, and stairs formed as integral parts of the structure. The tower is illustrated diagrammatically in Figure 1 and by the photograph in Plate I.
The footings shown in Figure 1 consist of six cylindrical piers going down to a depth of 6.1 m below ground level. Each pier has a square collar at about 1.5 m below ground level: these collars are part of the static load-bearing system of the building.
The observation platform on which the magnetograph is mounted is on the fifth level 15.2 m above the ground. The tower has a cross section of 4.9 by 6.7 m, and is abutted by the stair-and hoist-well as shown in Figure 1 . Along the north-south center line of, and integral with, the top slab at level 5 is a concrete beam supported at each end by a short concrete column extending down to level 4. On the upper surface of the beam are two concrete plinths to one of which is bolted a fabricated steel pedestal 1.5 m high. The magnetograph spar which is about 3 m long is mounted equatorially at the top of this pedestal as shown in Plate II.
A (Loughhead and Bray 1964) . However, the frequencies of mechanical movement of a building of the kind supporting this magnetograph and of the magnetograph itself relative to the building can be expected to lie within this frequency band, and hence mechani-PLATE I The magnetograph tower. PLATE II Optical system and transducer layout for cross-and autocorrelation of solar image and spar motions.
cal vibration could contribute to the total observed perturbation. After a preliminary vibration investigation which indicated that the vibration could be significant, it was decided to crosscorrelate signals from vibration transducers monitoring the magnetograph spar movement with a signal derived directly from the image movement.
The latter was provided by the optical system shown in Plate II which is almost the same as that used in solar observations. The optical system forms an image of the sun about 64 mm in diameter, part of which is covered by a mask with a curved slit, the center line of which is coincident with the edge of the solar disk image in the stationary position as in Figure 2 .
The spar movement was detected with four accelerometers, two in orthogonal directions at each end of the spar as shown in Figure 2 and Plate II.
The signal from a photomultiplier behind the slit was recorded simultaneously with signals from the accelerometers fixed at each end of the spar. The various signals were displayed on a multichannel direct-writing oscillograph together with a timing trace derived from a crystal oscillator. The crosscorrelation function of the photoelectric signal with each accelerometer signal was determined by digitizing the data derived from the recorded traces and making the computations described in the Appendix. Each signal was also autocorrelated and the Fourier transform evaluated to determine the power spectral density (psd). Some typical observations which show the vibrational characteristics of the spar are illustrated in Figure 3 . The first shows the vibration with time of the photoelectric signal derived from the solar image movement together with its psd which shows highly significant peaks at estimated frequencies of 1.0 Hz and 4.5 Hz. The second and third show the signals from accelerometers 2 and 3 which are at opposite ends of the spar (see Plate II) and which have their sensitive axes in the most sensitive direction of the light flux change (that is, direction OP shown in Fig. 2 ). The psd from these accelerometers also show highly significant peaks at 4.5 Hz.
The crosscorrelation functions shown in Figures 4a and 4b of each of these acceleration waveforms with the photoelectric signal are highly deterministic functions having an antiphase relationship at a frequency of 4.5 Hz. This is evidence of a highly significant correlation between the image motion and angular oscillation of the spar.
The psd of the accelerometer signals 4 and 5 show significant peaks at about 6.5 Hz. The crosscorrelation function of these transducer signals with the photoelectric detector signal shows reduced correlation as would be expected, since the photoelectric detector arrangement is much less sensitive to motion in the direction OD than OP, but the correlation is again unmistakable.
We can conclude that there is a definite correlation between the image motion and mechanical vibration of the spar.
Description of the Mechanical Movements of the Spar and their Magnitudes
The two modal frequencies of the spar which were revealed by the experiment described above have values estimated to be 4.5 Hz and 6.5 Hz. the 4.5 Hz mode about the polar axis is most likely determined by the inertia of the spar and the torsional compliance of the support tube and gearing. The frequency of the 6.5 Hz component about the declination axis is probably determined by the inertia of the spar and the bending compliance of the support tube.
Although the 1 Hz component which was also revealed by the frequency analysis was at first suspected to be the fundamental frequency of the lateral mode of vibration of the whole supporting structure, other evidence indicated that it arose from a servomechanism instability induced by the particular load distribution on the spar at the time of the observations. This matter need not be discussed further as it is irrelevant to the main argument and in any case the instability can be eliminated by adjustment of the servomechanism.
The oscillatory angular displacements of the spar about its polar and declination axes are shown in Table I . The measurements were made under quiet conditions, i.e., movements of the occupants of the building were restricted during the recording periods. Throughout the investigation the wind factor was negligible.
The Structural Vibration
The spar is supported on a fabricated steel pedestal which is mounted on a concrete plinth on top of the building as shown in Figure 1 . We now describe the measurements of the motion of the building and pedestal.
The accelerometer was located on the top face of the polar axis trunnion box at level 6. One seismometer wasr placed on the concrete plinth at the foot of the fabricated steel pedestal at level 5. The other two seismometers were used to monitor the motions at the remaining levels two at a time, namely levels 4/2, 4, 3, 2, 1, and ground.
Phase and amplitude information so obtained shows that the motion of the building is substantially that of a vertical cantilever with a relatively small amount of flexure rocking on an elastic foundation. The mode shape shown in Figure 5 is a composite one derived from a number of observations by plotting the ratio of the amplitude of horizontal motion at each level to that at level 5 against the height of each level above ground. The line joining these points is taken to be the shape of the vertical center line of the structure at the extremity of its motion in the E-W rocking mode. Observations were made of the horizontal motion in both the E-W and N-S vertical planes under tracking and nontracking conditions. Under normal conditions of usage of the building, the frequency of the major component of motion in each of the two planes varied from 5 to 6 Hz. Transient excitation in each direction produced lightly damped sinusoidal motions having a characteristic frequency in each plane, namely 5.2 Hz in the E-W plane and 5.9 Hz in the N-S plane.
The equivalent viscous damping of the structure as estimated from these transients, one of which is shown in Figure 6 , is between 2% and 4% of critical.
The change of slope of the mode shape above level 4 in Figure 5 suggests appreciable compliance in the fabricated steel pedestal and its coupling to the concrete plinth. Frequency and phase information from observations of horizontal motion of the top face of the plinth and vertical motion of opposite sides of the slab at level 4/2, suggest that there is torsional compliance in the beam at level 5 which supports the CORRELATION TIME r (Seconds) Fig. 4 (a) -Crosscorrelation coefficient versus time for image and spar motions in direction OP (see Fig. 2 ).
pedestal.
The amplitude of the E-W motion of the building at 5~6 Hz while the spar was tracking was two to five times as great as when the spar was not tracking. The greatest observed E-W motion of the top of the building (level 5) while the spar was tracking was 1.3 /im peak (0.00005 in.).
Observations made of the motion in the N-S plane yielded a similar mode shape and somewhat smaller amplitudes of motion. Again the frequency was 5~6 Hz and approximately the CORRELATION TIME r (Seconds) Fig. 4 (b) -Crosscorrelation coefficient versus time for image and spar motions in direction OD (see Fig. 2 ).
same ratio of amplitudes between the tracking and nontracking conditions was observed.
The sources of excitation of the building can be predominantly internal and originate from such causes as the closing of doors and walking on floors, but when these sources are absent or minimal the building vibration has the same general characteristics but smaller magnitude, presumably from excitation of microseismic origin. The observed proximity of the frequencies of the building motion and the natural frequencies of the spar results in an angular vibratory response of the spar at large amplitudes. These vibrations are in the band of frequencies 4.5 to 6.5 Hz which lie in the range 0.1 to 100 Hz normally associated with atmosspheric seeing. structure might be in the E-W plane about some axis parallel to the N-S direction considering it as a rigid body rocking on an elastic foundation.
If the building is considered as resting on a rectangular area of sides a and b where a is perpendicular to the axis of rotation then Major (1962) shows that the natural frequency f n is /« = 1/2tt V(C 0 IIH s ) where C 0 is the coefficient of nonuniform compression of the soil, I is the second moment of area of the base area about an axis parallel to the axis of rotation, that is I = ba 3 l 12, H s is the moment of inertia of the mass of the building about the axis of rotation.
Taking a = b = 6.7 m, we find I = 168 m 4 . At the observatory site the profile description of the soil for the 1/2-to 2-foot level is moist brown sandy clay; Major (1962) gives a value of C 0 = 20.1 X 10 7 newtonIm 3 for soils of this type. The moment of inertia H s has been calculated to be H s = 20.72 X 10 6 newton m sec 2 , and the natural frequency f n = 6.4 Hz.
This figure is in reasonable agreement with the measured value (5-6 Hz) and the authors' experimental results thus support the theoretical work of Major (1962) .
Conclusions
An oudine has been given of an investigation of structural vibration as one of the factors causing image movement in a solar magnetograph. It has been shown experimentally that a significant correlation exists between image motion and structural vibration.
Generally speaking, the performance of any telescope and associated equipment must depend on several factors of which vibration is only one. In the present case a parallel investigation of the contributions to image motion of seeing conditions is in progress and any final conclusions must await their analysis. APPENDIX 1. Calculation of Frequency Spectra from the Recorded Waveforms.
The approach used to obtain spectra from the recorded wave forms was to calculate the autocorrelation functions from samples of the waveforms y(t) of finite length T seconds and then to apply Fourier transformations to the autocorrelation functions.
We divide the interval T into N parts of length A and the correlation lag time r into m parts also of length A.
If f u is the highest frequency component expected in the waveform, then the necessary sampling interval A = ll&f u ) seconds.
The sample autocorrelation function R(ra) is then computed from its définition We have chosen a record length N A of 5 seconds in most cases and a correlation lag time mA of 1 second. This allows an estimate to be made of frequencies present within the range 1 to 25 Hz. The sampling interval A = 0.02 seconds.
The spectra are determined from the autocorrelation function R(m) using a discrete form of the Fourier transformation.
The power spectral density G^if) is given by
where Ro is the rms value of the set of sample values y n , and G^if) is calculated at m discrete values of the subscript k. If we had a waveform consisting of a single sine wave, and we were to autocorrelate it with a finite lag time r , the power spectral density obtained by Fourier transformation would not be a single delta function but a sine function where the truncation spreads the result to include a frequency interval 1/ r ; in addition there are many significant side lobes of which half are negative.
This situation is somewhat improved by weighting each estimate R(r) of the autocorrelation function by a function D(r) = % ( 1 + cos ( )), r = 0,1, 2, • • • m .
This so-called 'Hanning' weighting function greatly decreases the size of the side lobes, although it does not remove the negative ones, so that, as will have been observed, negative power spectral density will appear in our estimates of this quantity. These negative values should be ignored as they have no physical meaning. It is sufficient to calculate to establish the correlation between two sets of data since the cross spectral density is not required in our data reduction. The coefficient pjçy is calculated for a sufficient length of time to establish the existence, or otherwise, of a correlation.
